Obesity, smoking, and conduct problems have all been associated with decrements in brain function. However, their additive and interactive effects have rarely been examined. To address the deficiency, we studied P300a and P300b electroencephalographic potentials in 218 women grouped by the presence versus absence of: (1) a BMI ≥30 kg/m 2 ; (2) recent smoking; and (3) ≥2 childhood conduct problems. Analyses revealed smaller P300a and P300b amplitudes over the posterior scalp among recent smokers versus nonsmokers. No corresponding group differences were found in P300 latencies or frontal scalp amplitudes. The most interesting analysis result was an interaction between conduct problems and obesity limited to the frontally-generated P300a component: its latency was significantly greater in women with both attributes than in those with either or neither attribute. An exploratory ANOVA, substituting the genotype of a GABRA2 SNP for conduct problems, also demonstrated the interaction. It is hypothesized that conduct problems, and a conduct-problem-associated GABRA2 genotype, decrease the age-of-onset and/or increase the lifetime duration of obesity. As a result, they may potentiate the adverse effects of obesity on frontal white matter and thereby increase P300a latency. Smoking may affect brain function by a different mechanism to reduce posterior scalp P300a and P300b amplitudes while preserving frontal scalp P300a latency and amplitude.
Introduction
The adverse effects of cigarette smoking and obesity on brain structure (1) (2) (3) and function (4) have been discussed in the literature for many years. Both disorders predict stroke (5, 6) and other forms of cerebrovascular disease (7, 8) . They are also associated with neurophysiological (9,10) and cognitive impairments (11, 12) among subjects with no overt signs or symptoms.
The present study is unique in focusing on a childhood behavior control disorder, Conduct Disorder (CD), known to increase risk for both smoking (13, 14) and obesity (15) . It is especially unique in examining the degree to which CD may enhance the adverse neurovascular (5, 8, 16) and neurophysiological (2, 3, 9, (17) (18) (19) effects of these disorders. Several models explain how the enhancement may occur:
1. In the first model, the contribution of CD to brain dysfunction is hypothesized to be independent of, and add to, the effects of the other disorders. Indeed, among subjects with no history of smoking or weight problems, CD is associated with decrements in white and grey matter integrity (20, 21) and cognitive components (e.g., P300) of the evoked electroencephalographic response (22, 23) . Various localization methods, employing either region of interest (21, 24) or other (22) techniques, suggest greater structural and functional decrements in the frontal brain. Obesity and smoking may affect these as well as other brain regions (17, 25) .
2.
In the second model, the disorders are hypothesized to interact. Support for this model derives from demonstrations of an earlier age-of-onset of smoking (14, 26) or weight control problems (27) as well as greater resistance to behavior change (28) among subjects with a childhood history of CD. As a result, the duration and severity of smoking or obesity may increase with a resulting increase in adverse vascular and neural effects.
3.
In the third model, an interaction is also hypothesized. However, within this model, CD, smoking, and obesity are viewed as overlapping expressions of a common behavioral phenotype (e.g., impulsivity) with common neurophysiological and genetic origins. This model is consistent with recent findings from linkage or candidate gene analyses wherein common genetic etiologies for smoking and CD (29, 30) , obesity and substance dependence (31) , and substance dependence and electroencephalographic (EEG) differences (32) (33) (34) , have been suggested.
One goal of the present study was to discern which of these three models best fit the data.
A second goal was to determine if the decrement in brain function associated with CD problems was also associated with a variant of the GABRA2 gene previously shown to promote risk for CD (35) . More specifically, we asked whether CD problems and GABRA2 genotype would similarly enhance the changes associated with smoking or obesity. To accomplish the goal, an exploratory analysis was conducted in which the presence versus absence of 2 or more problems was replaced by presence versus absence of the genotype previously associated with conduct problems.
To assess brain function, we employed two highly reliable neurophysiological indices that can, unlike functional magnetic resonance imaging, be practically employed to study subjects whose body weights (>300 lbs) or trunk diameters (> 60 cm) exceed the physical limits of many research scanners. The indices were the P300a and P300b components of the event related electroencephalographic potential (ERP). The latencies of these components are inversely correlated with the integrity of white matter pathways connecting their generators (36) whereas their amplitudes are more closely related to the gray matter volumes of the generators themselves (37, 38) . P300a is generated frontally. In contrast, the P300b has a diffuse distribution of frontal and non-frontal generators (39) (40) (41) .
The P300a and P300b analyses were conducted in a large sample (N=218) of subjects who already possessed a risk factor for vascular disease and neurophysiological impairment --a previous or current diagnosis of alcohol dependence -and therefore at greater risk than non-alcoholics for achieving a clinically significant level of impairment. The focus on females was inspired by their higher risk for obesity [i.e., 33.2% women vs. 27.6% men: (42) ], especially in samples with adequate racial/ethnic minority representation, as well as the female bias in the importance of conduct problems in promoting obesity (43) . We acknowledge that limiting the analysis in this manner limits the generality of the findings. However, it does focus the interpretation of the results and provides supporting data for future, larger studies in which many additional grouping factors could be examined.
Method Subject Recruitment and Screening
The subjects were sampled from a larger data set generated by the multi- Subjects were recruited and evaluated identically across the participating sites (45) . At each site, male and female alcohol-dependent probands and their family members were recruited, as well as members of control families. The present analyses were limited to a subset of the former sample: women from families densely-affected by alcoholism who themselves met DSM-IIIR criteria for a lifetime diagnosis of alcohol dependence. The Semi-Structured Assessment for the Genetics of Alcoholism [SSAGA (46, 47) ] was used to establish this diagnosis as well as the presence of CD problems and a smoking history. The SSAGA and other instruments were also used to identify and exclude individuals with psychiatric (i.e., mania, psychosis) or medical conditions (i.e., acute intoxication, seizures, stroke, meningitis, heart or liver disease, past year pregnancy) that would confound the interpretation of the results.
The subjects included in the initial analysis, examining the independent and interactive effects of smoking, obesity, and childhood conduct problems, were 218 women. They were 18-66 years of age, of mixed race and ethnicity, and drawn from separate families. For the secondary analysis of the effects of the GABRA2 genotype and obesity, 110 women, 19-65 years of age, from separate families were included. The secondary analysis was limited to European Americans to eliminate admixture artifact.
P300 Measurement
The subject was seated in a sound-attenuated chamber and instructed to focus attention on the center of a computer screen. She wore a fitted electrode cap (Electro-Cap International, Eaton, OH) containing 21 leads arranged in the montage of the International 10-20 System. The reference electrode was placed on the tip of the nose. A forehead electrode served as ground. Vertical and horizontal eye movements were monitored using electrodes situated above and below the left eye.
EEG activity was recorded during a task involving a minimum of 200 visual stimuli presented at a rate of 1 every 2.2 seconds. Each stimulus subtended a visual angle of 2.5°. Stimulus duration was 60 ms.
Three types of visual stimuli were presented during the task: the letter "X", a square, and colored geometric figures that changed with each presentation. Their respective probabilities of occurrence were 0.125, 0.75, and 0.125. The subject was instructed to press a response key when she detected the "X" (target stimulus), and ignore the square (frequent nontarget) and geometric figures (novel nontarget). Response speed was emphasized, but not at the cost of accuracy. The task terminated automatically after a minimum of 25 target, 150 frequent nontarget, and 25 novel nontarget artifact-free trials had been acquired. Trials with response times greater than 1000 ms were rejected.
EEG activity was amplified by a factor of 10 K (Sensorium EPA-2 Electrophysiology Amplifiers), filtered to pass frequencies between 0.02 and 50 Hz, and sampled at a rate of 256 Hz. EEG epochs from 187 ms preceding to 750 ms following the onset of each stimulus were retained by the computer and processed offline through a 32-Hz low-pass digital filter. Epochs with eye movement or EEG voltage deviations > 73.3 microvolts (peak-to-peak) were excluded from analysis. Remaining epochs were formed into time-point averages sorted by stimulus type.
P300 ERP components elicited by target (P300b) and novel nontarget (P300a) stimuli were identified within each averaged epoch. P300 was defined at each electrode as the highest positive peak within a time range of 275-575 ms after stimulus onset. P300 amplitude was measured as the voltage difference between the peak and the average voltage during the prestimulus period. P300 latency was the millisecond difference between stimulus onset and the peak.
Genetic Analyses
Detailed information about marker locations selected by COGA, and marker genotype frequencies, is presented in recent publications (34, 35) . The single nucleotide polymorphism at rs279871 was specifically chosen for analysis because it has been previously associated with risk for EEG differences, conduct problems, and substance dependence.
Subjects were assigned to low or high risk genotype groups. The low risk genotype groups possessed less than 2 copies of the "A" allele previously associated with risk. The high risk genotype groups possessed 2 copies of this "high" risk allele.
Statistical Analyses
Four sets of analyses were performed. The first set examined the effects of obesity (OB-: BMI < 30 kg/m 2 , OB+: BMI ≥30), childhood Conduct Disorder problems (48,49) (CP− : < 2 problems, CP+: ≥2 problems), and smoking (9,50) (Smoking+: never or former, Smoking +: daily smoking during past year) in a simple 2 × 2 × 2 factorial design. The 8 groups of subjects were initially compared on background characteristics using Pearson's χ 2 Test to evaluate group equivalence on categorical variables and a three-factor ANOVA for continuous variables.
The next step within this analysis set involved an examination of differences among the groups in P300a and P300b amplitudes and latencies using a three factor MANCOVA. The analyses were not performed separately for each electrode site. Instead, a data reduction method was employed to reduce Type 1 error. A factor analysis was performed on P300 amplitude and latency across the sites to find topographic regions of homogeneity which could be reduced to a single score. A principal components analysis followed by varimax rotation yielded two factors (22) which explained most of the variance across the sites. The anterior sites exhibited greater loadings on the first factor. Sites around and posterior to the central sulcus exhibited greater loadings on the second factor. Highly similar factor structures were obtained for P300a and P300b. We therefore chose to calculate average scores representing P300 amplitudes and latencies within anterior (F3, F4, F7, F8, Fz, C3, C4, and Cz) and posterior (P3, P4, Pz, P7, P8, O1, and O2) regions. These regional values were incorporated into the MANCOVA as separate variates and individually tested with univariate ANCOVAs. Age and the total lifetime number of alcohol, cocaine, and opiate dependence were included as covariates in all analyses because they are known to affect P300.
The second analysis set was designed to validate the significant results revealed by the prior set. More specifically, it discarded the dichotomous variable, obesity, and the MANCOVA/ ANCOVA design. The analysis instead tested partial correlations between BMI expressed as a continuous variable and selected P300 measures. Separate correlations were computed for the CP− and CP+ groups. Age and the total lifetime number of alcohol, cocaine, and opiate dependence were again included as covariates.
The third set of analyses was limited to European-American, alcohol-dependent women. These analyses asked whether CD problems and GABRA2 genotype similarly enhanced the association of obesity with P300. Two separate MANCOVAs were performed on P300a and P300b amplitudes and latencies within anterior and posterior regions. The first MANCOVA examined the effects of CP and OB in a 2 × 2 factorial with age, the total number of alcohol and drug dependence symptoms, and the duration of cigarette smoking as covariates. The remaining MANCOVA substituted GABRA2 genotype for the CP risk factor. Significant effects revealed by the MANCOVAs were further evaluated with univariate ANCOVAs.
The final analysis set employed path analysis methods to illuminate and clarify the interactive relationships revealed in analysis set #3 between conduct problems, obesity, and frontal P300a latency. Using Mplus ™ (51), we constructed and tested two alternative models. The first model hypothesized a causal chain in which the number of conduct problems predicts BMI which, in turn, predicts P300a latency. The second model viewed P300a latency as a phenotypic marker indicating risk for obesity rather than, as in Model #1, a physiological index of the neural damage caused by it. Its causal chain began with frontal P300a latency predicting conduct problems, which then predicts BMI. Conventional measures of model fit, i.e., discrepancy χ 2 , Root Mean Square Error of Approximation (RMSEA), and Comparative Fit Index (CFI), as well as standardized path coefficients, were computed.
Results

Analysis Set #1: Obesity × Conduct Problems × Smoking
Background Characteristics- Table 1 summarizes the demographic, psychological, and medical characteristics of each subject group. Formal comparisons of the groups revealed few significant differences. The only unexpected difference was a small but statistically significant 4.2 year age difference between the OB+ and OB− groups.
All of the other significant differences between the groups were expected from the manner in which they were defined: (1) the OB+ and OB− groups differed significantly in BMI (F 1,210 = 315, p < .001); (2) the CP+ and CP− groups differed in the number of conduct disorder symptoms endorsed (F 1,210 = 276, p < .001); and (3) the Smoking+ and Smoking− groups differed in the percent reporting other drug (cocaine and opiate) dependence (χ 2 = 9.9, p < .002). Importantly, analyses of other characteristics suggested no hidden confounds.
The percentage of patients reporting alcohol use during the past week did not differ across groups. In addition, the groups did not differ in the number of MDD symptoms endorsed.
Because of the differences detected among the groups in age and other drug dependence, age and the number of other drug dependence symptoms were specified as covariates in all other analyses.
P300 Results-The MANCOVA of P300 data ( Figure 1 ) revealed a significant main effect of Smoking (F 8,201 = 2.3, p < .02) and a significant interaction of Conduct Problems with Obesity (F 8,201 = 2.2, p < .001). Univariate ANOVAs were used to identify the dependent variables underlying these significant multivariate effects.
The effect of smoking was limited to the posterior region and only involved the amplitudes of P300a (F 1,208 = 4.7, p < .03) and P300b (F 1,208 = 5.3, p < .02). As shown in Table 2 , a recent history of cigarette smoking, in comparison to its absence, was associated with an amplitude reduction averaging 2.3 μV for P300a and 3.0 μV for P300b. Smoking had no effect on P300a ( Table 2 shows, and Tukey post hoc tests confirm, that significant increases in anterior and posterior region P300a latencies were only present in CP+ subjects who were also obese. In other words, neither obesity nor conduct problems alone were sufficient to cause impairments in frontal brain function. The combination was critical.
Analysis Set #2: BMI × frontal region P300a latency correlations
Correlations between BMI and frontal P300a latency were calculated separately for the CP− and CP+ groups. The results of this analysis validated the results shown in the previous ANOVA. BMI was not associated with a change in frontal P300a latency among CP− subjects (r = .09, p =.11). However, among subjects compromised by a childhood history of conduct problems, an increase in BMI occasioned an increase in frontal P300a latency (r = . 31, p = .01).
Analysis Set #3: Obesity × Conduct Problems or GABRA2 genotype
When the total number of cases (N = 110) entered in Analysis 2 was distributed across the cells defined by the factorial combination of Obesity with either CP or GABRA2 genotype, the number of cases per cell attained a minimum of n = 8 in one instance. The results of Analysis Set #3 should therefore be interpreted cautiously until replicated in a larger sample.
Background characteristics-Differences across the groups in background characterisics were minor. In the analysis of Obesity × Conduct Problems, the obese group was slightly older (F 1,106 = 8.9, p < .04) than their non-obese peers. This group difference in age did not occur in the Obesity × GABRA2 genotype analysis. There were no differences across groups in other characteristics.
P300 Results-The analyses of P300 data (Figures 1 and 2 ) revealed remarkable consistency ( Figure 2 ): Conduct Problems (MANCOVA F 8,96 = 2.04, p < .05) and GABRA2 genotype at rs279871 (MANCOVA F 8,96 = 2.18, p < .05) were consistent in that both amplified the effects of obesity on P300a latency over the anterior and posterior scalp, and produced greater slowing than was associated with the sum of the main effects of the factors. Table 3 summarizes the results of the univariate analyses. Table 3 also shows two circumstances in which obesity influenced P300b amplitude. The significant main effect of obesity on posterior region P300b reflects an average amplitude reduction of 4.1 μV. The significant interactive effect of obesity and conduct problems on anterior region P300b amplitude is uninterpretable because Tukey post hoc analyses revealed no pairwise differences between cell means that were significant. Figure 3 illustrates two models by which conduct problems, BMI, and frontal P300a latency may relate. Analyses of each model revealed that only Model #1 was an adequate fit to the data: its 0.1 χ 2 (df = 1, p = .91) and 0.00 (p = .94) RMSEA indices were not statistically significant and therefore did not justify a rejection of the model. Furthermore, the 1.0 CFI was greater than 0.95 criterion. In addition, both of the standardized path coefficients in Model #1 were significant: β 1 = .14 (p = .02) andβ 2 = .12 (p = .02).
Analysis Set #4: Path Analysis
In contrast, Model #2 was a poor fit. Its χ 2 (5.6, p = .01) and RMSEA (.11, p = .07) indices were inconsistent. The CFI for Model #2 was .00. The standardized path coefficients were β 1 = .01 (p = .78) andβ 2 = .12 (p = .02).
Discussion
Because conduct problems, smoking, and obesity overlap, and affect brain function, a relevant question is: are the effects independent or interactive? In the case of smoking, the answer is "independent". Smoking was not associated with the same changes in P300 latency, or in anterior scalp P300 amplitude, found in the analyses of conduct problems and obesity. In addition, it did not statistically interact with the other factors. Smoking was only associated with a reduction in P300 amplitude over the posterior scalp (Table 2 ).
An explanation for the greater effect of smoking over the posterior versus anterior scalp may be found in the results of radioligand studies (52) wherein nicotine-binding has been shown to be greater in the thalamus and brainstem than in frontal structures and may, over time, be detrimental to their function. Admittedly, though, the literature is not consistent in demonstrating that posterior brain regions are the primary locus (3, 19, 53) . The degree to which anterior brain regions are affected in smokers may be related to the chronicity and severity of the habit, as well as its overlap with other disorders, including depression (54) and personality disorder (55) .
In contrast to the simple effects of smoking, the effects of CP and obesity were complex. Their interaction is shown most clearly in Analysis Set #3 which was limited to 110 European-American subjects. The analysis demonstrated a synergism between these two factors in delaying the P300a component. The interaction was duplicated ( Figure 2 ) when a GABRA2 genotype previously associated with conduct problems was substituted for the CP factor. At least two interpretations for the interaction can be offered. The first interpretation hypothesizes that a GABRA2 genotype, associated with conduct problems in previous studies, decreases the age-of-onset or increases the duration of obesity. As a result, the genotype potentiates the adverse effects of obesity on frontal white matter, and delays the emergence of this frontally-generated P300 component. The alternative interpretation views obesity, conduct problems, and increased P300a latency (i.e., frontal brain dysfunction) as behavioral or neurophysiological expressions of a common genetic diathesis involving GABRA2.
Path analysis (Figure 3 ) was used to evaluate the relative merits of these interpretations. The analyses offered stronger support for the former interpretation than the latter. However, this interpretation cannot be accepted with confidence until we can obtain more information and replicate these results in a separate longitudinal study. For example, although other studies (27) have documented an association between childhood disruptive disorders and the course (i.e., earlier age-of-onset and a stable or increasing level of severity) of weight problems, we could not conduct this longitudinal analysis in the present study. We therefore cannot confirm that GABRA2 genotype and conduct problems do indeed reduce the age-of-onset or increase the chronicity of obesity in our subjects, and thereby effect changes in white matter and P300a latency.
We must also recognize another limitation. The present findings were obtained from a sample of alcohol-dependent females and may be limited in their generality. We implemented this sampling restriction for several reasons. For example, because the subjects possessed a history of alcohol-dependence, their brain function is hypothetically more vulnerable to the effects of additional insults, including those resulting from smoking and obesity. Accordingly, alcohol-dependent subjects constitute a clinically important, high risk group deserving of our attention. In addition, alcohol-dependent subjects possess more conduct problems and nicotine use than non-alcoholic individuals. Limiting the sample to these subjects therefore improves statistical power for demonstrating associations between conduct problems, associated genotypes, smoking, and obesity. Indeed, it is debatable whether the effects of conduct problems and smoking can be studied with adequate power in adults unaffected by alcoholism or other drug use.
In the future, we hope to replicate these findings in subject samples characterized by other forms of substance dependence or personality (e.g., borderline personality disorder) risk. In addition, in place of the DSM-IV clinical diagnostic criteria for Conduct Disorder, we might ask whether other indices of antisocial personality or impulsivity would similarly associate with GABRA2 genotype and with the adverse effects of obesity on the brain. The result may be an expanded theoretical model-not unlike models now discussed in the alcohol research literature--in which impulsivity and conduct problems are viewed as endophenotypes which promote obesity, impair its treatment, and exacerbate its course and complications. Path Models 1 (left) and 2 (right). Model 1 was a superior fit to the data. See text for explanation. * p < .05 Table 1 Background Characteristics x̄ (SE) or % 
